Power spectral laws in dual stream jets are studied by considering such flows a superposition of appropriate single-stream coaxial jets. Noise generation in each mixing region is modeled using spectral power laws developed earlier for single stream jets as a function of jet temperature and observer angle. Similarity arguments indicate that jet noise in dual stream nozzles may be considered as a composite of four single stream jets representing primary/secondary, secondary/ambient, transition, and fully mixed zones. Frequency filter are designed to highlight spectral contribution from each jet. Predictions are provided at an area ratio of 2.0-bypass ratio from 0.80 to 3.40, and are compared with measurements within a wide range of velocity and temperature ratios. These models suggest that the low frequency noise in unheated jets is dominated by the fully mixed region at all velocity ratios, while the high frequency noise is dominated by the secondary when the velocity ratio is larger than 0.80. Transition and fully mixed jets equally dominate the low frequency noise in heated jets. At velocity ratios less than 0.50, the high frequency noise from primary/bypass becomes a significant contributing factor similar to that in the secondary/ambient jet. Mixed jet condition
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Introduction
Development of robust and high fidelity jet noise prediction models applicable to dual stream flows is of great interest to turbofan engine designers. RANS-based jet noise prediction models that use variants of Lilley's acoustic analogy are computationally intensive, and require dedicated flow solvers to provide input for sources of jet noise in heated flows. Additionally, such methods are difficult to implement in an iterative fashion in conjunction with multi-disciplinary design, analysis, and optimization tools. In an earlier study, an extensive set of high quality jet noise measurements gathered at the AeroAcoustic Propulsion Laboratory (AAPL) at the NASA Glenn Research Center (Refs. 1, 2, and 3) was used to develop intensity-scaling laws for the jet mixing noise in single stream jets. The result is a very robust code, labeled sJet (for Single stream Jets), that implements the intensity laws and scales the jet noise power spectral density from a limited bank of subsonic conditions to a user specified set of conditions that include supersonic jets (Refs. 4 and 5) . It is well known that supersonic jets at imperfectly expanded pressures emit two distinct noise components, i.e., the jet mixing noise and the broadband shock associated noise (BBSN). The scaling laws were additionally extended to the broadband shock associated noise (Ref. 5) when the jet mixing noise was subtracted from the total spectrum in order to isolate the BBSN component. Subsequently a semi-empirical model was proposed for this noise component that used a known peak-amplitude and frequency, combined with appropriate spectral attenuation on either side from the peak.
The present work attempts to develop a similar intensity-scaling methodology for jet mixing noise in turbofan engines. Such an effort represents a formidable task due to the order of increase in parameters involved compared to those in single stream flows. In addition to the gas dynamic parameters, the geometrical details of a dual stream nozzle influence the generation of both mixing noise and the broadband shock noise. From an aerodynamic point of view, a detailed study of the mean flow and turbulence should be emphasized as a guide in understating the noise generation mechanism in such flows. This is accomplished by holding one jet at a fixed operating condition while incrementally changing the second jet. Naturally, any noise-modeling recipe is expected to asymptotically approach a single stream jet when either the primary or the secondary dominates the jet exhaust.
Stone et al. (Refs. 6 and 7) studied jet noise from co-annular nozzles with and without a center-body plug. Using an extensive data set at nozzle bypass ratios from 5 to 14 they proceeded with component extraction and proposed semi-empirical correlations for what they considered as important noise components. Stone modeled his single-stream round jet predictions on Lighthill's general scaling law in cold jets, and added some empiricism for effects such as refraction and temperature effect. These models are currently coded into the NASA Aircraft Noise Prediction Program (ANOPP) and provide a first estimate of jet noise from turbofan engines. In the light of velocity and turbulence measurements, they divided a coaxial dual stream jet into several noise-generating segments. Although these noise-producing regions beard some resemblance to those suggested by Stone, they differed in their noise modeling details. Later, Fisher extended the model to heated jets (Ref. 9) with a dipole-equivalent correction term that represented the temperature effect in the transition jet. These studies were limited in their scope and applicability of the velocity, area, and temperature ratio between the two streams, and did not examine important geometrical details such as a recessed secondary that is typical of the present turbofan engine designs.
The objective of the present study is to construct a composite spectrum for the jet mixing noise by considering a dual stream jet as a superposition of un-correlated single-stream equivalent jets. Each single stream jet is regarded as a component in the context of its spectral contribution to the total noise. Component noise is determined per velocity scaling laws. These laws state that turbulent mixing noise in a single stream jet scales with some power of the mean exit velocity, referred to as the velocity exponent or velocity power factor n. Since velocity exponents vary with jet temperature (Ref. 5) , we expect that a composite spectrum should equally hold at different temperatures without additional adjustments. Each component noise undergoes a spectral filtering that reflects pertinent turbulence scales in that region of the jet. Filter functions (high-or low-pass filters) are determined by a combination of physical reasoning and iteration within the bounds of the available jet parameters.
The single-stream jet noise prediction model adopted for this work is briefly reviewed in Section 2.0, and is followed by a review of the similarity arguments in dual stream subsonic jets. These discussions lay grounds for component splitting and spectral filtering in Section 3.0. Spectral predictions in dual stream jets are presented in Section 4.0 at area ratio of 2, which include both unheated and heated primary flows (stagnation temperature ratio of 1.0 to 2.67), and at nozzle bypass ratios from 0.80 to 3.40. A summary of the results and direction for the follow-on research is given in Section 5.0.
Method of Approach
We start with the velocity power laws for the turbulent mixing noise in shock-free single-stream jets. In a previous study, an extensive matrix of jet noise spectral data acquired from the Small Hot Jet Acoustic Rig (SHJAR) (Refs. 1, 2, and 3) at the NASA Glenn Research Center was used to develop velocity power laws in single stream jets. Power spectral density PSD for the turbulent mixing noise was shown to scale from one jet velocity to the next, on a Strouhal frequency basis as (
Parameters n and B are referred to as the velocity power factor and the intercept parameter. These parameters were determined from SHJAR measurements as a function of angle and jet temperature as seen in Figure 1 . When jets become supersonic, the basic shape of the spectrum at small aft angles changes with jet velocity. This is due to the presence of the instability-related noise that increasingly dominates the aft angles at supersonic speeds. The jet mixing noise along sideline and forward angles would still scale according to the power law (1) provided that U is replaced with a fully expanded jet velocity, and an additional term 10Log(A j2 /A j1 ) is added to the right-hand-side of Equation (1)-where A j is the fully expanded jet area. The total noise in supersonic shock-containing jets includes an additional component attributed to the broadband shock associated noise. The intensity of BBSN depends on the difference between the fully expanded jet Mach number and the design Mach number. Similar to the jet mixing noise, intensity scaling of shock noise requires two parameters m(θ,T o ) and B shock (θ,T o ) referred to as intensity exponent and the intercept parameter (see Figure 2) .
When jet noise in considered as a superposition of multiple equivalent single-stream jets, Equation (1) is applicable to each jet through parameters U, T and D that best represent that component stream. 
Fully Mixed Jet
The similarity arguments discussed in the next section conclude that a dual stream jet could be divided into three regions (four zones) as sketched in Figure 3 . The initial mixing region consists of two zones that reflect the mixing between primary/secondary and secondary/ambient streams. A transition region where the two mixing layers merge, and subsequently a fully mixed region further downstream follow this. Noise generation from each of the four zones is addressed through an equivalent single stream jet with three parameters U, T and D. In this section we discuss these parameters as related to the fully mixed region of the jet. Let the primary (or core), the secondary (or bypass), and the fully mixed streams in a dual stream jet be identified by subscripts p, s and m respectively. The one-dimensional conservation equations plus the equation of state (assuming a constant static pressure) are written as 
The fully mixed jet conditions are solved from eqns. (2) and (3) 
The specific heat ratios γ (p) and γ (s) in the primary and the secondary are evaluated at their respective temperatures, and are used to evaluate the mixed specific heat ratio ( ) 
Similarity in Subsonic Coaxial Jets
Dual stream jets at subsonic conditions have been examined experimentally by a number of investigators. Ideas presented here, and similarly proposed by Fisher et al. (Ref. 8) , are founded on measurements of Ko and Kwan (Ref. 10) obtained at low subsonic conditions. They tested a 0.18-Mach number unheated primary jet U p = 197 fps combined with a secondary jet at velocity ratios of U s /U p = 0.70, 0.50, 0.30. Using an appropriately defined non-dimensional radial distance, they identified four distinct zones based on similarity arguments (see Figure 3) . The initial mixing region consists of two zones, and ends near the termination point of the secondary potential core. Similarity of the velocity profile could be shown for both the primary and the secondary jets when the local mean velocity ratio (U -U s )/(U p -U s ) is plotted versus normalized radial distance η p = (y -y 0.5 )/(y 0.9 -y 0.1 ) for the primary, and U/U s versus η s = (y -D s /2)/x for the secondary flow (see Abramovich, Ref. 11) . The second region, identified as the transition region starts at the end of the secondary potential core. This is the region where the two jets mix. The potential core of the primary flow could persist through the transition region and stretch farther into the subsequent fully mixed region depending on the velocity ratio of the two streams. The transition region is highlighted mainly by an absence of any similarity velocity profile.
Following this region, similarity of the local mean velocity is displayed again in the fourth or the fully mixed region. Eldred et al. (Ref. 12 ) defined a radial parameter η e = (y -D e /2)/x e to show similarity for mean velocity ratio U/U p in this region. The virtual origin for this jet is x e = x -∆x, where shift ∆x is measured relative to the primary exit, and depends on the secondary-to-primary velocity ratio λ V . The effective diameter D e (see Eq. (10)) is defined for an equivalent jet of velocity U p having an identical thrust as that of the dual stream jet. In the following section, we define the fully mixed diameter D m for a dual stream nozzle. Since diameter ratio D e /D m is a fixed number, the similarity of local mean velocity U/U p should equivalently hold relative to the radial parameter η m = (y -D m /2)/x m in the fully mixed region.
Of primary interest in any jet noise prediction algorithm is the source strength, i.e., the turbulence intensity distribution. Figure 4 , reproduced from data of (Ref. 10), shows turbulence intensity as a percentage of the primary jet velocity at selective stream-wise locations from near the exit at 0.5D p to 8D p .
The peak turbulence in the fully mixed region is nearly 11.75 percent of the primary velocity as seen in relative to primary jet velocity, or nearly 60 percent of the peak turbulence if this zone were to be treated as a single stream jet at the primary jet conditions (U p , T p ). For this reason the turbulence intensity level is attenuated by a factor of 0.60 and the region is treated as a single stream jet with an effective diameter D e resulting in a similar thrust as the dual stream jet. Additionally, a high frequency filter will be introduced to moderate its high frequency noise so that the combined spectra from the transition and the initial mixing regions agree with measurements at high frequency. We now turn our attention to the initial mixing region in Figure 3 . As for the secondary jet, measurements of Ko and Kwan (Ref. 10, Figure 6 ) show similarity of turbulence intensity u′/U s versus radial parameter η s at each velocity ratio λ V in the secondary mixing region. As λ V increases, the turbulence ratio approaches ~14 percent, similar to a single stream jet. Deviations from similarity appear mostly in the inner part of the mixing region (η s < 0), while the outer part η s < 0 conforms closely with the single stream jet similarity at all λ V . Consequently, it seems appropriate to treat this mixing region as a single stream jet at the secondary conditions, and with a suitable filter to tone down its low frequency content-as this noise component is due primarily to the large vortices in the fully mixed jet. Further, the filter could also be tailored to represent the effect of the lip thickness (i.e., the radial separation between the secondary nozzle inner radius and the primary lip). Next, we consider the primary and secondary stream shear layer within the initial mixing region. This mixing zone resembles that of a jet discharging into a moving ambient with velocity U s . As shown in (Ref. 10, Figure 7) , similarity is observed for turbulence intensity u′/(U p -U s ) versus normalized radial distance η p . Unlike the secondary shear layer, the slight deviation from single stream jet similarity is measured on the positive side of η p . Due to reduced shear, this mixing layer contributes little to the overall jet noise spectra, however, from a modeling standpoint, it should be compatible with the limiting case as λ V → 0 so we can recover the single stream jet noise spectra.
In the next section, we discuss the frequency filters designed for each noise-generating region so that in combination they can afford a dual stream jet noise spectrum at a range of angles and operating conditions. This includes both isothermal and heated flows and jets with an inverted velocity profiles (i.e., λ V > 1).
Frequency Filters
The exhaust geometry in a dual stream coaxial jet is sketched in Figure 5 . In general, the inner diameter of the outer nozzle is larger than the diameter of the inner stream due to the wall thickness or a recessed secondary, and/or other geometrical considerations. The flow area ratio can be expressed as
When the two streams discharge at the same axial location the wall thickness should be kept to a minimum (i.e., δ → 1) to avoid a wake and discontinuity in the nozzle profile at the exit that could lead to discrete tones. The filters defined subsequently each depend on a cut-off frequency and are designed to tone down either the high-or the low-frequency spectral density (dB) as a function of frequency. Let f * denote a characteristic frequency (defined shortly), and
Consider two filter functions as 
Each of the four noise producing zones undergoes a filtering that reflects the predominant noisegenerating scales in that zone. The functions defined in Equation (7) work as low-and/or high-pass filters, and are determined by iteration and comparison of the predicted spectra with measurements.
Fully Mixed Region
This jet is defined as a single stream jet at U m , T m , and D m . According to the conservation Equations (4), the fully mixed diameter ratio D m /D p depends on the secondary geometry through area ratio λ A . Since the secondary jet diameter is uniquely defined through three geometrical parameters according to Equation (5), the characteristic frequency f * in the fully mixed region should additionally depend on parameter δ. We introduce a low-pass filter for this noise-generating region as ( )
At a fixed λ A , a larger δ adds to the secondary jet diameter, which in turn enhances the fully mixed diameter and decrease its characteristic frequency.
The Secondary Jet
This jet is defined through the secondary jet parameters U s , T s , and D s , and is expected to contribute to the high frequency noise. The required high-pass filter should be compatible with that in the fully mixed region to accommodate the limiting case when the primary jet becomes relatively weak. In that case, the fully mixed jet and the secondary are identical and the two filters should recover a single jet at the secondary conditions. Parameter δ best fits the characteristic frequency in the secondary jet as ( )
Transition Jet
Due to the lack of an intrinsic similarity within the region, this jet is relatively more ambiguous and requires a more delicate treatment. Per discussions presented earlier, it is best defined as single stream jet at U p , T p , and D e . The effective diameter is calculated per equal thrust to that of the dual stream jets 
Since the maximum turbulence intensity is of the order of 60 percent of the primary jet velocity, the noise level needs to be attenuated accordingly by this percentage-raised to some exponent. A proper exponent (7/2) is derived from physics-based jet noise modeling (Ref. 13 ) that scales jet mixing noise versus turbulence intensity. Additionally, a low-pass filter is used at an appropriate characteristic frequency ( 
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where
The filter, denoted as the second term on the RHS of Equation (11), works more effectively as λ A increases. Parameter λ A in (11) is replaced with its limits at λ A > 3 or λ A < 1 such that 1.0 ≤λ A ≤ 3.0. When combined with the high frequency noise from the secondary jet, these two noise components should be required to match the total high frequency noise in a dual stream nozzle.
Primary Jet
This jet is defined through parameters U p , T p , and D p , and is considered subject to a flight speed of U ∞ = U s . The required high-pass filter is bound by the limiting requirements at U s → 0.
( )
When the secondary jet is relatively insignificant, the fully mixed jet and the primary become identical. The two jets subject to the proposed filters recover the primary jet, as expected. The only caveat is that a virtual transition flow is also in the pictures, and is identical to the primary jet. The filter function in Equation (11) suggests an additional contribution from this jet to the total noise spectral density ( ) 7/2 10 10 1 0.60 0.67 dB Log + = .
In the next section, the proposed models are examined at a number of conditions and the jet noise spectral density in dual stream nozzles is evaluated as a superposition of the four uncorrelated spectra subject to their respective filters.
Numerical Results
Turbulent mixing noise from the four aforementioned zones are combined to form a composite spectrum as follows:
i. Appropriate equivalent single jet parameters U, T and D are supplied to the sJet code that predicts the turbulent mixing noise in single-stream jets according to the velocity power laws. Four predicted component noise tables are stored as 1/3-Octave lossless spectra. 
In addition to the jet mixing noise, broadband shock associated noise could be a significant factor if either of the two streams is imperfectly expanded (Ref. 14) . Next acoustic measurements are compared with predictions at a range of temperatures and subsonic pressure ratios in the two streams.
Coaxial Jet Noise Data (Fisher et al.)
These measurements were reported by Fisher et al. (Refs. 8, 9 , and 15) and were carried out in the large anechoic chamber at the Defense Research Agency (DRA) in the United Kingdom to investigate flow/noise characteristics of coaxial jets. The nozzles consist of co-planar primary and secondary jets at D p = 1.307 in., D s = 2.291 in. and λ A = 2.0, and with a measured discharge coefficient close to unity. Details of the experimental setup are provided in (Ref. 8) . Noise data presented here have been scanned from the publicly available reports and the AIAA references (Refs. 8, 9, and 15).
A sample of 11 set points is listed in Table 1 , each identified by a run number that will be used in the presentation. All cases are subsonic, with a maximum nozzle pressure ratio of 1.79 at Run no. P038. The bypass ratio varies from 1.0 (Run no. P038) to 3.38 (Run no. P043).
Spectral data at several run conditions were provided at 90° only, while most were reported at three inlet angles of 40°, 90° and 140°. The stagnation temperature ratio in the primary stream is 1.0 at each of the first eight measurement points, and is subsequently increased to 2.0 and 2.67 at the last three set points. The secondary flow remains unheated throughout. Predictions are presented as lossless, 1/3-Octave sound pressure level (SPL) on a 6 m (236.2 in.) arc. Jet noise prediction and comparisons with measurements at set point conditions of Table 1 are presented in Figure 6 to Figure 16 .
Several conclusions are drawn from these predictions:
1. Lowest velocity ratio (i.e., λ v = 0.56 at Run no. P038), high-frequency noise in the primary is comparable to that in the secondary/ambient.
2. In jets with an unheated primary, a fully mixed jet dominates the low-frequency noise at all conditions. Addition of heat to the primary jet results in the enhancement of low frequency noise in the transition region. 3. The high frequency noise is completely dominated by the secondary jet when velocity ratio exceeds 0.60. 4. Transition jet dominates the mid-frequency span in most cases. At a constant primary velocity, this jet makes a stronger contribution as the velocity ratio is lowered. 5. At the high velocity ratio λ v > 1, the secondary jet completely dominates the mid-to high-frequency noise. The fully mixed jet determines the low-frequency noise as before ( Figure 6 and Figure 8 ). 6. Increasing the secondary jet speed at a constant primary jet velocity enhances the low-frequency contribution from the fully mixed region.
These results required no special treatment in heated jets versus unheated jets. The basic building block of the prediction methodology, i.e., single stream jet noise model, accounts for temperature variations of both velocity exponent n(θ,T o ) and the intercept parameter B(θ,T o ) according to Figure 1 . As the secondary-to-primary velocity ratio is lowered to below 0.50, the high-frequency noise from primary-bypass shear layer dominates the same from other noise generating regions, and dictates the high-frequency noise in a dual-stream jet. This is presented at conditions of Table 2 at a velocity ratio of λ v = 0.45 at a bypass ratio of BPR=0.78. Spectral predictions are shown in Figure 17 at two angles of 60° and 90°. Unfortunately no measurements were available for comparison at this operating condition. Table 1 ) Table 1 )
fps. Table 1 )
fps. Figure 12. -Jet noise spectrum in dual stream unheated jets at 90°, 120° and 140° (Run no. P035, Table 1 )
fps. Figure 13 .-Jet noise spectrum in dual stream unheated jets at 90°, 120° and 140° (Run no. P038, Table 1 )
fps. The prediction model presented here, although quite satisfactory for the test cases examined, remains to be validated at other conditions with larger area ratio λ A typical of turbofan engines at high bypass ratio BPR > 8. Also of interest would be jet noise spectral data in dual stream flows with a heated secondary. In such flows, the radial temperature gradient in the bypass stream is expected to enhance the refraction of the high-frequency noise and provide a so-called thermal shielding.
Summary
A jet noise prediction model has been proposed for coaxial dual stream flows that should find application in turbofan engines. The model uses a composite of four equivalent single-stream jets, each subject to an appropriate filter. Reasonably accurate spectra were produced at all test conditions examined in this article. The maximum bypass ratio was about 3.37 at a secondary-to-primary area ratio of 2.0. The velocity ratio spanned a wide range of 0.45 to 1.42. The component spectra show that the secondary stream completely dominates the mid-to high-frequency noise at the highest velocity ratio. The large turbulence scales in the fully mixed region of the jet mostly dominated the low-frequency noise. The model relied on quality noise prediction in single-stream jets at both heated and unheated conditions. Subsequently, no special provisions were needed to account for the temperature effect. High bypass ratio jets, and jets with a heated secondary remain to be tested to further validate the model and its filter functions.
Of near-term interest is the extension of the model to dual stream jets with a supersonic primary and/or secondary, where shock-cell formation and the broadband shock associated noise should additionally be taken into consideration. As pointed out in the introduction, the prediction model is intended to provide a quick and reasonably accurate noise assessment in coaxial, axisymmetric, dual stream configurations, and is, in no way, intended to identify or assess noise benefit/penalty of various noise suppression devices. Those concepts need to be studied and possibly modeled in a similar fashion within their own parametric space. In such cases, a physics-based jet noise predictions methodology that deploys a variant of the Acoustic Analogy, or large eddy simulation may suggest trends that could help engine designers with their noise mitigation efforts.
